Myosin motors in the thick filament of resting striated (skeletal and cardiac) muscle are trapped in an OFF state, in which the motors are packed in helical tracks on the filament surface, inhibiting their interactions with actin and utilization of ATP. To investigate the structural changes induced in the thick filament of mammalian skeletal muscle by changes in temperature, we collected x-ray diffraction patterns from the fast skeletal muscle extensor digitorum longus of the mouse in the temperature range from near physiological (35°C) to 10°C, in which the maximal isometric force (T 0 ) shows a threefold decrease. In resting muscle, x-ray reflections signaling the OFF state of the thick filament indicate that cooling produces a progressive disruption of the OFF state with motors moving away from the ordered helical tracks on the surface of the thick filament. We find that the number of myosin motors in the OFF state at 10°C is half of that at 35°C. At T 0 , changes in the x-ray signals that report the fraction and conformation of actin-attached motors can be explained if the threefold decrease in force associated with lowering temperature is due not only to a decrease in the force-generating transition in the actin-attached motors but also to a twofold decrease in the number of such motors. Thus, lowering the temperature reduces to the same extent the fraction of motors in the OFF state at rest and the fraction of motors attached to actin at T 0 , suggesting that motors that leave the OFF state accumulate in a disordered refractory state that makes them unavailable for interaction with actin upon stimulation. This regulatory effect of temperature on the thick filament of mammalian skeletal muscle could represent an energetically convenient mechanism for hibernating animals.
Introduction
Contraction of striated (skeletal and cardiac) muscles is generated at the level of the sarcomere, the fundamental structural unit, by cyclical ATP-driven interactions of myosin motors extending from the thick filaments with the actincontaining thin filaments. According to the longstanding model of regulation of striated muscle, contraction is initiated by an increase in intracellular Ca 2+ concentration, induced by membrane depolarization during the action potential, followed by Ca 2+ -dependent structural changes in the regulatory proteins of the thin filament that make the actin sites available for binding of the myosin motors (Ebashi et al., 1969; Huxley, 1973; Gordon et al., 2000) . Recently, a second regulatory mechanism has emerged in which the myosin motors themselves are considered to be unavailable in resting muscle because they are trapped in helical tracks on the surface of the thick filament in which interactions with actin and ATP hydrolysis are inhibited (Woodhead et al., 2005; Stewart et al., 2010; Linari et al., 2015; Irving, 2017 ).
X-ray diffraction studies on demembranated fibers of mammalian skeletal muscle provided the first information concerning the temperature sensitivity of the structural and biochemical states of the myosin motors in relaxed muscle. The first myosin x-ray layer line reflection (ML1), originating from the threestranded helical arrangement of myosin motors on the surface of the thick filament, is intense at temperatures close to physiological but becomes much weaker as temperature is lowered Xu et al., 1997) , indicating that the helical order of the motors is lost. A parallel increase in the ratio of the intensities of the 1,1 and 1,0 equatorial reflections associated with the hexagonal lattice of thick and thin filaments (I 1,1 /I 1,0 ) indicates that the motors have moved away from the thick filament toward the thin filament. These changes are accompanied by a ∼1% increase in the spacing of the myosin-based meridional reflections, indicating an increase in the thick filament length (Lowy et al., 1991; Xu et al., 1997) . The effect of temperature on the structure of the thick filaments of mammalian muscles was found to be related to the state of the nucleotide in the catalytic site of the myosin motor: at physiological temperature, the equilibrium favors the ATP hydrolysis products (ADP and orthophosphate [Pi] ) and the motors can take up the ordered helical structure around the backbone of the thick filament; at low temperatures, the equilibrium is shifted toward the ATP state, with the motors no longer able to form the helical array and moving away from the surface of the thick filament (Schlichting and Wray, 1986; Wray, 1987; Lowy et al., 1991; Xu et al., 1997 Xu et al., , 1999 Xu et al., , 2002 Xu et al., , 2003 . Similar temperaturedependent changes in the intensity of the ML1 reflection and in the equatorial intensity ratio have been found in skinned trabeculae from rabbit heart in relaxing solution (Xu et al., 2006 ), suggesting that this mechanism is conserved throughout striated muscles.
Electron microscopy of isolated thick filaments from striated muscle has shown that under relaxing conditions, the myosin motors lie on the surface of the thick filament, folded back toward the center of the sarcomere. This conformation, known as the interacting heads motif (IHM) or OFF state, is stabilized by intramolecular interactions between the two motor domains of each myosin dimer and its motor and tail domains and intermolecular interactions between myosin molecules and other thick filament proteins (Woodhead et al., 2005; Zoghbi et al., 2008) . Activation of the thick filament requires breaking these inter-and intramolecular interactions so that motors move away from the backbone of the thick filament and become available for interaction with actin (the ON state). Thick filament activation is also controlled by the level of phosphorylation of myosin binding protein C (MyBP-C, the C-terminus of which is bound to the thick filament backbone in the central one-third of the half-sarcomere [C-zone]) and of the myosin regulatory light chain (RLC; Moos et al., 1978; Herron et al., 2001; Colson et al., 2010 Colson et al., , 2012 Kampourakis et al., 2016) . In addition, in situ enzyme kinetics studies revealed a state of mammalian muscle myosin called the super relaxed state (SRX), which hydrolyses ATP at a rate 10 times slower than that observed in solution and is disrupted by interventions that destabilize the OFF state of the thick filament, including lowering the temperature or increasing the degree of RLC phosphorylation (Stewart et al., 2010; Hooijman et al., 2011) . Finally, x-ray diffraction from intact fibers from frog skeletal muscle and intact trabeculae from rat heart demonstrated that thick filament activation during contraction depends on the mechanical load (Linari et al., 2015; Reconditi et al., 2017; Piazzesi et al., 2018) .
In summary, the changes in the x-ray reflections that during force development in an intact muscle cell signal the loss of the ordered resting structure of the thick filament and the movement of the motors away from the filament backbone (decrease in intensity of ML1, increase in the equatorial intensity ratio [I 1,1 / I 1,0 ], ∼1% increase in the extension of the thick filament) confirm the interpretation of the effects of lowering temperature or increasing the degree of MyBP-C or RLC phosphorylation in relaxed skinned preparations, in terms of switching ON the myosin motors. In structural terms, this corresponds to disruption of the IHM motif and, in biochemical terms, to loss of the SRX state.
However, to regard the IHM state seen by electron microscopy as the unique structural counterpart of the biochemical SRX state, in which ATP hydrolysis is inhibited, may be an oversimplification. Combining tryptophan fluorescence studies in solution (Málnási-Csizmadia et al., 2000 and skinned fiber x-ray diffraction (Xu et al., 1999 (Xu et al., , 2002 , it was found that in the disordered prehydrolysis ATP state promoted by lowering the temperature, the ATP binding pocket is open, while in the ordered ADP.Pi state promoted by increasing the temperature, the pocket is closed. However, the strict temperature-dependent correlation between the state of the ligand in the nucleotide binding pocket and head conformation and degree of order had to be revised following the demonstration that temperature affects the head conformation and order in the same way when the ligand is substituted with a nonhydrolysable analogue of the ATP (AMP-PNP or ADP.BeF) or of the ATP-ADP.Pi transition state (ATP.Vi; Xu et al., 2003) . It was concluded that motor structure is not uniquely defined by the ligand in its catalytic site, as also suggested by crystallographic studies of a motor domain in the open detached conformation in the presence of ADP (Houdusse et al., 1999) .
The dependence of the structure of the thick filament of mammalian muscle on temperature in the range from near physiological (35°C) to 10°C, in which the active force is reduced by two thirds, is investigated here by recording the twodimensional x-ray diffraction patterns at rest and at the plateau of isometric tetanic force in the intact extensor digitorum longus (EDL) muscle of the mouse. We found that lowering the temperature produces similar reductions in the fraction of myosin motors in the OFF-ordered state in resting muscle and in the fraction strongly attached to actin during active contraction, suggesting that, in contrast with the simplest hypothesis of a direct correlation between the functional OFF/ON and structural ordered/disordered populations of myosin motors, lowering the temperature promotes the rise of a population of disordered motors that are functionally OFF in the sense that they cannot bind to actin and generate active force upon stimulation. These disordered refractory motors may play an energetically convenient role in vivo in hibernating mammals.
Materials and methods

Muscle preparation
Male mice (Mus musculus, strain C57BL/6), aged 4-6 wk, were sacrificed by cervical dislocation after inhalation of anesthetic (isoflurane) according to both the Italian regulation on animal experimentation (authorization no. 956/2015 PR), in compliance with Decreto Legislativo 26/2014 and the EU regulation (directive 2010/63), and the protocols approved by the Illinois Institute of Technology Institutional Animal Care and Use Committees. The EDL muscle was dissected from the hind limbs using scissors and forceps under a stereomicroscope and mounted in a trough containing physiological solution (composition in mM: NaCl, 119; KCl, 4.7; CaCl 2 , 2.5; MgSO 4 , 1.0; NaHCO 3 , 25; KH 2 PO 4 , 1.2; and glucose, 1.1; pH 7.4 at 24°-26°C) equilibrated with carbogen (95% O 2 , 5% CO 2 ). The temperature of the bathing solution was selected and kept constant (±0.2°C) by means of a servocontrolled thermoelectric module.
One tendon of the muscle was tied to a pedestal fixed to the trough and the other to the lever of a motor/force transducer system (300C-LR; Aurora Scientific) mounted on a micromanipulator for adjustment of the muscle length. Electrical stimuli were delivered by platinum plates parallel to the muscle on either side at a voltage 1.5× that required to stimulate all the fibers of the muscle. The length of the muscle was adjusted to that at which isometric tetanic force was maximum (L 0 ).
The force was measured by interfacing the transducer system to a computer with mounted multifunctional I/O cards (PCI-6110E and PCI-DIO-32HS; National Instruments). The computer was also used for controlling the timing of stimulus, shutter operation, and synchronization with x-ray data acquisition. The program for signal generation and data acquisition was developed in house using the LabVIEW software environment (National Instruments).
Experimental protocol
The muscle was vertically mounted on the x-ray path of the BioCAT beamline 18ID at the Advanced Photon Source (Argonne, IL). Mounting the muscle vertically takes advantage of the smaller beam size along the meridional axis (parallel to the muscle axis), which allows for the higher resolution required to observe the fine structure of the meridional reflections (Bordas et al., 1995; Linari et al., 2000; Huxley et al., 2006b) . The x-ray flux at the sample was ∼10 13 photon · s −1 at 0.1-nm wavelength, with a beam size ∼350 × 350 µm (horizontal × vertical; full width at half maximum) at the sample and ∼160 × 65 µm at the detector. The beam was attenuated for muscle alignment, a fast shutter (opening time <1 ms) upstream of the sample controlled the duration of the exposure window, and the trough was oscillated in the beam during the exposure to spread the x-rays over the sample and reduce radiation damage.
X-ray patterns were collected on a high-sensitivity, highspatial-resolution, two-chip charge-coupled device detector (Aviex PCCD1680) of active area 80 × 160 mm, with 2,084 × 4,168 pixels, each 39 × 39 µm. The phosphors in front of the detector for the x-ray to visible light conversion provided a point spread function of 65 µm. The detector was placed 3.5 m from the sample, with the longer axis parallel to the muscle axis, allowing the pattern to be collected up to ∼0.22 nm −1 and 0.11 nm −1 in reciprocal space along the meridional and equatorial (perpendicular to the meridional) axes, respectively. Twodimensional x-ray patterns were collected at six different temperatures: 10°, 15°, 20°, 25°, 30°, and 35°C. Tetani were elicited with trains of stimuli at the frequency selected for complete fusion of the mechanical response (80, 120, 130, 130, 150, and 175 Hz) . At each temperature, the muscle was exposed alternatively at rest and at the plateau of tetanic contraction. For either state, two 20-ms exposure windows were collected for a total of 40 ms per state at each temperature. The exposure windows during tetanic contraction started at different times after the onset of stimulation, according to the temperature-dependent rise time of force: from the lowest to the highest of the six temperatures, the exposure times started at 300, 180, 100, 90, 60, and 60 ms from the first stimulus.
The order of the six temperatures was randomly distributed in each muscle. Six muscles were used, with length L 0 = 9.5 ± 1.6 mm and wet weight (Ww) 10.5 ± 1.2 mg (mean ± SD), from which the cross-sectional area was calculated as 2 × Ww/(ρ × L 0 ), where ρ = 1.06 g/cm 3 is the density of the muscle (Burkholder et al., 1994) .
X-ray data analysis X-ray diffraction data were analyzed using FIT2D (Hammersley, 2016) and SigmaPlot (Systat Software). Two-dimensional patterns were centered and aligned using the equatorial 1,0 reflections and then quadrant folded. The distribution of diffracted intensity along the meridional axis of the x-ray pattern was obtained by integration from 0.015 nm −1 on either side of the meridian for the myosin-based M1, M2, …, M6 reflections and troponin-based T1 reflection. Background intensity distributions were fitted using a smoothed convex hull algorithm and subtracted. Integrated intensities of the meridional reflections were obtained from the following axial regions: M1, 0.021-0.025 nm −1 ; T1, 0.025-0.027 nm −1 ; M3, 0.068-0.072 nm −1 (rest), 0.066-0.070 nm −1 (contracting); M4, 0.093-0.095 nm −1 ; M5, 0.115-0.118 nm −1 ; and M6, 0.137-0.142 nm −1 (rest), 0.135-0.140 nm −1 (contracting), and their center of mass, i.e., the spacing of the reflection, was determined. The intensity of the M2 reflection was extracted by fitting multiple Gaussian peaks to the cluster between 0.046 and 0.049 nm −1 , considering the "true" M2 reflection only the peak at spacing ∼0.0464 nm −1 , which indexes on the axial 43-nm periodicity on the thick filament. The interference components of the M3 reflection in the contracting muscle were determined by fitting multiple Gaussian peaks, with the same axial width, to the meridional intensity distribution, and the total intensity of the reflection was calculated as the sum of the component peaks, giving the same result as the total integrated intensity within the limits reported above. The radial, cross-meridional width of the M3 and M6 meridional reflections was determined from Gaussian fits of the integrated radial intensity distribution in the axial regions defined above for each reflection. For both M3 and M6, the radial width at rest was the same independent of temperature, while during isometric contraction the radial width of M3 increased by ∼1.5 at 10°C and 2 at 35°C, relative to the values at rest, and that of M6 increased by ∼2.2 independent of temperature. The increase of the radial width in isometric contraction is a consequence of lateral misalignment between filaments induced by the rise in force. This misalignment produces by itself an intensity decrease that is corrected by multiplying the observed intensity by the cross-meridional width (Huxley et al., 1982) .
The equatorial intensity distribution was determined by integrating between 0.0036 nm −1 on either side of the equatorial axis, and the intensities and positions of the 1,0 and 1,1 reflections were determined by a Gaussian fit. At rest, the so-called Z reflection, which arises from the square lattice of the thin filaments where they are anchored to the Z-line, partially overlaps with the 1,1 reflection, and the Gaussian fit allows them to be separated. During contraction, due to the widening of the 1,1 reflection, it was not possible to extract the contribution of the Z line to the 1,1 reflection, so its effect was neglected.
The intensity profile of the myosin-and actin-based layer lines in the direction parallel to the meridional axis was obtained by integrating between 0.018 and 0.076 nm −1 from the meridional axis. At rest, it was not possible to separate the contribution of the first-order actin layer line (AL1) that is centered at ∼0.0265 nm −1 and overlaps with the high-angle (HA) side of the first-order myosin layer line (ML1). Therefore, the temperature dependence of the ML1 intensity at rest was determined by integrating the intensity of its low-angle (LA) side (0.019-0.024 nm −1 ; Piazzesi et al., 1999) . In isometrically contracting muscle, the contributions of ML1 (or the corresponding actomyosin reflection, see Discussion) and AL1 have been separated by a two-Gaussian fit, with the constraint that their axial width is the same. The radial profiles of the ML1 at rest were obtained by integrating between 0.019 and 0.024 nm −1 along the meridional direction, as described above, and the underlying background was estimated by applying the smoothed convex hull algorithm to slices 50 pixels (or 0.0057 nm −1 ) wide along the meridional axis and subtracted.
The spatial calibration of the patterns was obtained by collecting with the same experimental setup a diffraction pattern from a small bundle of fibers from the frog muscle (tibialis anterior, 4°C) and from the mouse EDL muscle (30°C) at the ID02 beamline at the European Synchrotron Radiation Facility (ESRF; Grenoble, France; Narayanan et al., 2018) , which provided ≤2 × 10 13 photon · s −1 with 0.1-nm wavelength in a beam of size ∼300 × ∼50 µm (horizontal × vertical, full width at half maximum) at the sample. The position of the strong M3 reflection, for which a spacing of 14.34 nm is assumed (Haselgrove, 1975) , was the same in the two preparations, within experimental error (∼0.01%).
The amount of sarcomere length shortening during tetanic force development and the force-sarcomere length relation in our EDL muscle preparation was determined by vertically mounting a muscle, prepared as described above, at the ID02 beamline (temperature 29°C). The ultra-small-angle reflections originating from the sarcomere repeat were collected with 2-ms exposure on a charge-coupled device-based fast readout/low noise (FReLoN) detector placed 31 m from the sample, from the muscle at different lengths, both at rest and at the plateau of the isometric tetanus.
Six animals were used for the experiments: five at Advanced Photon Source (10 muscles) for the temperature experiments and one at ESRF for the sarcomere length test (2 muscles). Data reported for temperature experiments refer only to the six muscles for which the temperature series was complete.
Online supplemental material Fig. S1 shows temperature-dependent intensity profiles and spacing of the equatorial reflections, both at rest and at the plateau of the isometric tetanus. Fig. S2 shows temperaturedependent intensity profiles of the meridional reflections. Fig.  S3 shows the temperature-dependent intensity profile of the ML1 layer line along the radial direction. Fig. S4 shows the theoretical relation between intensity of the AL1 layer line and the fraction of attached motors. Fig. S5 shows the temperaturedependence of the fraction of actin-attached motors determined from the intensity of AL1 for different assumptions on the attached fraction during isometric contraction at 30°C. Supplemental text describes the fraction of motors attached to actin in isometric contraction and estimates the fraction of attached motors from the intensity of the first actin-based layer line.
Results
Temperature dependence of isometric force production Isometric force was measured at the muscle length (L 0 ) at which active force was maximum, corresponding to the sarcomere length at which the actin-containing thin filaments fully overlap with the region of the thick filaments containing myosin motor domains. Because sarcomere lengths are difficult to determine by conventional optical diffraction methods in intact EDL muscles from the mouse, we used ultra-small-angle x-ray scattering for direct measurements of the resting sarcomere length and the sarcomere length attained at plateau force in fixed-end tetanic contractions. The results showed that in our preparation, L 0 corresponds to a sarcomere length of ∼2.6 µm in the resting muscle and ∼2.3 µm at the tetanus plateau. Thus, during tetanic force development, a shortening of ∼10% occurs against the compliance of tendon attachments ( Fig. 1 A) . Tetanic force is at a maximum at sarcomere length 2.3 µm, in agreement with the force-sarcomere length relation expected (thick dashed line in Fig. 1 A) on the basis of the lengths of the filaments in mouse muscle (Close, 1972) .
Force production during tetanic stimulation at fixed length L 0 increased by a factor of 3 with increasing temperature in the range 10°-30°C, and the rates of force development and relaxation were higher ( Fig. 1 B) . Stimulus duration and frequency were adjusted to give a fused tetanus with a well-defined force plateau at each temperature. Tetanic plateau force increased steeply with temperature between 10°and 20°C, then less steeply at higher temperatures ( Fig. 1 C) .
Low-angle x-ray diffraction from resting and contracting muscle Changes in the structure of the thick and thin filaments associated with muscle activation were measured at the BioCAT x-ray beamline (18ID) of the Advanced Photon Source. At each temperature, x-ray diffraction patterns were recorded in the resting muscle and at the peak of the tetanus (horizontal bars in Fig. 1 B) . These patterns (Fig. 2) show the characteristic equatorial reflections 1,0 and 1,1 associated with the hexagonal lattice of thick and thin filaments, the meridional reflections associated with the axial periodicity of the thick filaments (M1-M9), and the myosinbased and actin-based layer line reflections associated with helical periodicities in the thick and thin filaments (ML1 and AL1-AL7, respectively). The effects of muscle activation and temperature on each type of reflection are described in the following sections.
Equatorial reflections
In resting muscle, the equatorial 1,0 reflection, associated with the lattice planes containing the thick filaments, is relatively strong ( Fig. S1 A) , signaling the proximity of the myosin motors to the thick filament backbone (Haselgrove and Huxley, 1973) . The intensity of the 1,0 reflection (I 1,0 ) is greater at higher temperature in resting muscle ( Fig. 3 A, open circles), although this effect is more pronounced in the lower part of the temperature range, with relatively little change above 25°C. The lower I 1,0 in resting muscle at lower temperatures indicates that myosin motors move away from the thick filament surface. Contraction at higher temperature produces a larger decrease in I 1,0 ( Fig. 3 A, filled circles) as more myosin motors leave the thick filament surface, attach to the thin filaments, and generate force. The effect of muscle activation on I 1,0 is abolished at 10°C, indicating that myosin motors have already left the thick filament surface in the resting muscle at this temperature, and there is no additional effect of activation.
The equatorial 1,1 reflection, associated with the lattice planes containing both thin and thick filaments, is relatively weak in resting muscle and becomes stronger during contraction ( Fig. S1  A) . The ratio of the intensities of the 1,1 and 1,0 reflections (I 1,1 / I 1,0 ; Fig. 3 B) is a qualitative indicator of the fraction of motors that have left the surface of the thick filaments and become associated with the thin filaments. In resting muscle, I 1,1 /I 1,0 decreases slightly with increasing temperature (Fig. 3 B , open circles), presumably because the myosin motors become closer to the thick filament surface. In active muscle, I 1,1 /I 1,0 increases with temperature in the range of 10-25°C ( Fig. 3 B, filled circles) , with no further increase at higher temperatures, approximately following the temperature dependence of both active force (Fig. 1 C) and I 1,0 in resting muscle ( Fig. 3 A, open circles) . The interfilament spacing, conventionally measured as the separation of the 1,0 lattice planes (d 10 ; Fig. S1 C) decreases slightly during muscle contraction, indicating a radial component of active force (Cecchi et al., 1990; Brenner and Yu, 1991; Williams et al., 2010) . The lattice compression observed in the present experiments is significantly smaller than that during isometric force development in intact fibers from frog muscle (∼4%; Cecchi et al., 1990) . The difference is likely to be a consequence of the lattice expansion due to the ∼10% shortening accompanying force development in our preparation. The interfilament spacing progressively increases on cooling below 25°C at rest, suggesting that release of the myosin motors from the thick filament surface at low temperature in the absence of active force increases interfilament separation by an electrostatic or steric effect.
Meridional reflections
The intensity distribution along the meridian of the diffraction pattern in resting muscle (Figs. S2 A and 2) consists of a series of reflections designated M and associated with orders of the fundamental myosin-based ∼43-nm axial periodicity of the thick filaments, and a T series associated with the ∼38-nm axial periodicity of troponin in the thin filaments (Huxley and Brown, 1967) . During contraction, the M3, M6, and M9 reflections and the T series reflections remain strong, whereas the other myosin-based meridional reflections, the so-called forbidden reflections (M1, M2, M4, and M5; Fig. S2 ) associated with the perturbation of the axial repeat of three consecutive crowns within each 43-nm repeat in the C zone (Malinchik and Lednev, 1992; Reconditi et al., 2014) , become much weaker. Here we focus on the well-characterized M3 and M6 reflections that remain strong during contraction and signal structural changes in the myosin motors and the thick filament backbone, Figure 1 . Temperature dependence of the isometric force developed by the EDL muscle. (A) Relation between sarcomere length (SL) and force either at rest (open circles) or at the isometric tetanus plateau (filled circles). Temperature 29°C. The thin dashed lines join the rest and tetanus plateau values of the same record to show the SL shortening during force development. Measurements done at the ID02 beamline of the ESRF. The thick dashed line shows the force-SL relation calculated using the value of 2.2 µm for the total length of the thin filaments reported for mouse muscle (Close, 1972) and 0.16 µm for the bare zone (Linari et al., 2000) . (B) Force responses to tetanic stimulation of an EDL muscle at different temperatures (color code in the inset). Time zero marks the start of the stimulation. The horizontal bars indicate the 20-ms exposure windows, with the same color code as the force traces (black for exposure at rest). (C) Temperature (T) dependence of the maximal isometric force (mean ± SEM, n = 12; six muscles).
respectively (Huxley et al., 1983 (Huxley et al., , 2006b Reconditi et al., 2004; Linari et al., 2015) .
The M3 reflection in resting muscle at high temperature ( Fig. 4 A) has a strong peak corresponding to an axial periodicity of 14.34 nm (or 0.0697 nm −1 in reciprocal space) and a characteristic shoulder ∼14.14 nm (or 0.0707 nm −1 ) arising from x-ray interference between the two arrays of myosin motors in each thick filament (Linari et al., 2000) . In active contraction, the M3 reflection moves to a lower reciprocal spacing (Fig. 4 C) , corresponding to an ∼1.4% increase in the real-space periodicity of the myosin motors and is split into two interference subpeaks of roughly equal intensity referred to as LA and HA peaks. The M3 reflection is weaker at lower temperature in both resting (Fig. 4 A) and active ( Fig. 4 C) muscle. In resting muscle, the intensity decrease on cooling is accompanied, at temperatures <25°C, by a change in the interference modulation of the reflection and by the appearance of a new peak (* in Fig. 4 A) corresponding to an axial periodicity of ∼14.80 nm (or 0.0676 nm −1 ), as reported previously in skinned fibers from rabbit psoas muscle (Xu et al., 2006) . Notably, the spacing of this new peak is too large to be associated with interference between the two arrays of myosin motors in each thick filament and is therefore assigned to an unidentified structural periodicity in resting muscle at low temperature. At 10°C, the fine structure of the M3 reflection at rest changes drastically, showing an LA peak at 14.48 nm (0.00691 nm −1 ) with an intensity about half that of the main peak. Cooling has a less obvious effect on the profile of the M3 reflection during active contraction ( Fig. 4 C) , but there is a systematic change in the fractional intensity of the LA peak, L M3 (Fig. 4 F) , which increases slightly but reproducibly with temperature increase (Linari et al., 2005) . L M3 is a sensitive measure of the axial motion of the myosin motors (Reconditi, 2006; Brunello et al., 2009) , and the lower L M3 at lower temperature indicates that the motors have moved axially slightly Figure 2 . Low-angle x-ray diffraction patterns from EDL muscle. The left and the right quadrants are collected at 10°C and 30°C respectively, both at rest (upper quadrants) and at the plateau of the isometric tetanus (lower quadrants). The vertical (meridional) axis is parallel to the muscle axis. Each quadrant is obtained with 2 × 20-ms exposure windows with 3.5-m camera length. On the meridional axis are indicated the myosin-based (M) and troponin-based (T) reflections. On the horizontal (equatorial) axis are indicated the strong 1,0 and 1,1 reflections arising from the filament lattice. The myosin (ML) and actin (AL) layer lines that extend in the radial direction are due to the helical arrangement of the two proteins in the thick and thin filaments. away from the midpoint of the thick filament (toward the beginning of the working stroke). The measured intensity of the M3 reflection is affected by the degree of axial alignment between adjacent thick filaments, and a first-order correction for changes in this parameter can be obtained by multiplying the measured intensity by the radial width of the reflection (Huxley et al., 1982) . These corrected I M3 values (Fig. 4 E) reveal a much larger increase in I M3 during muscle contraction than previously reported in amphibian muscle (Linari et al., 2005; Reconditi et al., 2011) . The dependence of I M3 on Figure 4 . Temperature dependence of the myosin-based meridional reflections that signal the regulatory state of the thick filament. (A and B) Intensity profiles at rest of the M3 and M6 reflections, at 10°, 20°, and 30°C (color code in the inset). *, A peak present at the lower temperature that is not part of the M3. (C and D) Intensity profiles at the plateau of the isometric tetanus of the M3 and M6 reflections, at 10°, 20°, and 30°C (same color code as in A and B). The two main peaks of M3 fine structure are indicated. All the profiles shown in A-D are obtained from one EDL muscle (the same as in Fig. 2) by adding 2 × 20-ms exposures for each state and each temperature. (E) Temperature (T) dependence of the intensity of the M3 reflection at rest (open circles) and at the plateau of the isometric tetanus (black circles), normalized for the value at rest at 30°C. (F) Temperature dependence of the ratio between the intensity of the LA peak and the total intensity of the M3 (L M3 ) at the plateau of the isometric tetanus. (G and H) Temperature dependence of the spacing of the M3 and M6 reflections, respectively, at rest (open circles) and at the plateau of the isometric tetanus (black circles). Vertical scale: on the left, nm; on the right, percentage difference from the value at rest at 30°C. Data in E-H are mean ± SEM; six muscles. temperature in active muscle is similar to that of active force (Fig. 1 C) .
The M6 reflection, which is more specifically associated with the axial periodicity of the backbone of the thick filament than the M3 reflection, is relatively insensitive to the conformation of the myosin motors. The intensity of the M6 reflection (I M6 ) slightly decreases on cooling in either resting (Fig. 4 B) or active contraction (Fig. 4 D) conditions, but is much less sensitive to temperature than I M3 . The interference fine structure of the M6 reflection is also relatively independent of temperature in both conditions (Fig. 4, B and D) . The spacing of the M6 reflection (S M6 ) increases by ∼1.4% during contraction at high temperature ( Fig. 4 H) , similar to the change in the spacing of the M3 reflection (Fig. 4 G) . These increases in spacing correlate with switching ON of the thick filament (Linari et al., 2015) . Cooling the resting muscle produces a smaller but reproducible increase in S M6 (Fig. 4 H, open circles) but not in S M3 (Fig. 4 G,  open circles) . The effect, which is not accompanied by any temperature-dependent change in resting tension, is consistent with the idea that cooling resting mammalian muscle disrupts the quasihelically ordered (OFF) state of the thick filaments Xu et al., 1997) , in the absence of active force. In contrast, S M6 during active contraction is slightly smaller at lower temperature, which is likely to be related to the lower active force (Fig. 1 C; Linari et al., 2015) .
Layer line reflections
The first myosin layer line (ML1, Fig. 2) , with an axial spacing of ∼43 nm, close to that of the first myosin meridional reflection (M1; Figs. 2 and S2) , is produced by the helical arrangement of the myosin motors on the surface of the thick filaments (Huxley and Brown, 1967) in the OFF state of the thick filament (Linari et al., 2015) . The ML1 reflection is strong in the resting state at high temperature and is considerably weakened by either activation or cooling in mammalian muscle (Figs. 2 and 5; Malinchik et al., 1997) . Quantitative analysis of the behavior of the ML1 reflection is, however, complicated by the presence of the overlapping first actin layer line (AL1; Fig. 2 ) from the longpitched actin helix with axial periodicity ∼37.5 nm in the thin filament (Huxley and Brown, 1967) . In resting muscle, when myosin motors are detached from actin, AL1 is too weak to be reliably separated from ML1, but we estimated its contribution as 15% of that observed during active contraction at high temperature as described in the Supplemental text (dashed line in Fig. 5 A) . To rigorously exclude any contribution of AL1 to our estimate of the intensity of ML1 (I ML1 ), we integrated only the lower-angle part of the reflection as indicated by the vertical dashed lines in Fig. 5 A (Piazzesi et al., 1999) . The results show that I ML1 increases strongly with temperature in resting muscle, at least from 10°to 30°C (Fig. 5 C, open circles) . The radial distribution of intensity along the ML1 layer line in resting muscle (Fig. S3) was sampled by the 1,0 and 1,1 equatorial reflections and showed the same strong temperature dependence, with some indication of a shift to lower radial spacing at lower temperature.
In actively contracting muscle, AL1, AL6, and AL7 become stronger (Figs. 2 and 5) as myosin motors attach to actin and a significant fraction of their mass takes up the periodicity of the actin helix (Huxley and Brown, 1967; Koubassova et al., 2008) . In these conditions, it was possible to extract the separate intensities of the ML1 and AL1 reflections (I ML1 and I AL1 ) by fitting the axial profile with a double-Gaussian function (Fig. 5 B) . The results showed that during active contraction, I ML1 was a small fraction of its high-temperature resting value, with little dependence on temperature (Fig. 5 C, filled circles) . In contrast, I AL1 increased with increasing temperature, particularly in the lower part of the temperature range (Fig. 5 D) , as expected for a higher fraction of myosin motors attached to actin at higher temperature, and consistent with the higher active force (Fig. 1  C) and equatorial intensity ratio (Fig. 3 B) .
Discussion
The effect of temperature on the x-ray diffraction pattern from resting muscle Lowering the temperature of mouse EDL muscle from 35°to 10°C produces a general decrease in the intensity of the myosinbased reflections at rest, both meridionals ( Fig. S2 ) and layer lines (Fig. 5, A and C) , whereas the intensity of the actin-based layer lines is less dependent on temperature. The effect of lowering the temperature on the myosin-based layer lines has been reported previously for skinned muscle fibers in the relaxed state Xu et al., 1997) and attributed to a temperature-dependent order-to-disorder transition in the myosin motors. This transition is accompanied by a reduction in the intensity of the 1,0 equatorial reflection and an increase in the equatorial intensity ratio I 1,1 /I 1,0 (Fig. 3) , indicating movement of the motors away from the surface of the thick filament, and an increase in the spacing of the M6 reflection ( Fig. 4 H) , indicating an increase in thick filament extension. The order-todisorder transition in the thick filament has been shown to be associated with the nucleotide present in the active site of myosin motor and to the conformation of the motor. At physiological temperature, the equilibrium of ATP hydrolysis is shifted toward its products, the active site pocket is closed, and the motors can take up the helically ordered disposition; at lower temperature, the equilibrium of the hydrolysis step is shifted toward the substrate, the pocket is open, and the motors move away from the surface of the thick filament (Schlichting and Wray, 1986; Málnási-Csizmadia et al., 2000; Xu et al., 2002 Xu et al., , 2003 Xu et al., , 2009 Takács et al., 2010) .
Changes in the intensity of the ML1 layer line and in the intensities and spacings of myosin-based meridional reflections similar to those associated with lowering the temperature of resting muscle occur as a consequence of thick filament mechanosensitivity during active force development, when the number of myosin motors in the helically ordered OFF configuration progressively reduces as a function of the force on the thick filament (Reconditi et al., 2011 Linari et al., 2015; Piazzesi et al., 2018) . In those studies, the number of myosin motors in the OFF state at each time during force development was estimated from the intensities of both the M3 and ML1 reflections, which depend on the fraction of motors in axially (M3) or helically (ML1) ordered conformations. Here too, the fraction of motors in the OFF conformation, f OFF (Fig. 6 A, triangles) , can be straightforwardly obtained from the square root of the intensity of the ML1 reflection (I ML1 , Fig. 5 C, open circles; Xu et al., 1999; Tsaturyan, 2002) . At temperatures <30°C, f OFF decreases in proportion to the decrease in temperature, and at 10°C, it becomes 40% of that at near-physiological temperature.
An independent estimate of the change in f OFF with temperature can be obtained from I M3 , which is modulated by the number of contributing motors and by their average conformation (Reconditi, 2006) . The fine structure of the M3 reflection is largely independent of temperature (apart from the 0.0691nm −1 peak appearing at 10°C; Fig. 4 A, violet) , and this indicates that the average conformation of the myosin motors contributing to the M3 is constant over most of the temperature range. The similarity between the x-ray patterns from mouse EDL at rest at 30°C and from frog anterior tibialis at rest at 4°C, in which only the motors in the OFF state contribute to the I M3 (Zappe and Maéda, 1985; Reconditi et al., 2011; Linari et al., 2015) , suggests that also in the mammalian muscle the disordered detached motors do not contribute to the M3 reflection. Under these conditions, excluding the result at 10°C, the changes in I M3 at rest in the range of temperatures 15°-35°C only depend on the fraction of motors in the OFF state, f OFF , which can be estimated from the square root of I M3 (Fig. 6 A, open circles) . The estimates of the temperature dependence of f OFF from I M3 and I ML1 are in good agreement and indicate that the fraction of motors in the OFF state at 15°C is about half of that at physiological temperature.
The effect of temperature on the x-ray diffraction pattern during isometric contraction The force developed at the plateau of an isometric tetanus, T 0 , increases monotonically from ∼75 kPa at 10°C to ∼250 kPa at 30°-35°C (Fig. 1) . The value of T 0 at physiological temperature is similar to that of frog muscle (a heterothermic animal) at room temperature, but the roughly threefold reduction on cooling to 10°C in mammalian muscle (Ranatunga and Wylie, 1983; Warren et al., 2002) is much larger than that observed in frog muscle on cooling from room temperature to 0°C (∼40%; Linari et al., 2005) .
The changes in the x-ray diffraction patterns from rest to isometric contraction show the canonical features reported previously for both frog (Huxley and Brown, 1967; Linari et al., 2000) and mouse (Ma et al., 2018a,b) muscles. The myosin layer lines (Figs. 2, 5, and S3 ) and the forbidden myosin-based meridional reflections (M1, M2, M4, and M5; Fig. S2 ) become much weaker, while the M3 and M6 reflections remain strong and their spacings increase (Fig. 4) . The fine structure of the M3 reflection changes from a main peak with a small satellite on the HA side to two peaks of similar intensity, while that of the M6 remains almost unchanged. The actin-based layer lines AL1, AL6, and AL7 (Figs. 2 and 5) become stronger as myosin attachment to actin adds mass to the actin helix. The intensity of the 1,0 equatorial reflection decreases while that of the 1,1 increases (Figs. 3 and S1), indicating mass transfer from the thick filaments toward the thin filaments.
The main effects of lowering the temperature on the x-ray patterns recorded during isometric contraction are an approximately threefold decrease of the intensity of the M3 reflection (I M3 , Fig. 4 E) and a twofold reduction in the intensity of the AL1 reflection ( Fig. 5 D) . The change in I M3 is accompanied by only a slight change of the M3 fine structure as measured by L M3 , the fractional intensity of the lower-angle peak (LA; Fig. 4  C) , which decreases by 8%, from 0.56 to 0.52 (Fig. 4 F) . Cooling frog muscle fibers from 17°to 0°C (Linari et al., 2005) induces a similar decrease in L M3 (Fig. 7 A) , but a much smaller reduction in I M3 (25%), accompanied by a smaller reduction in T 0 (40%), which can be explained by a smaller force per motor, since the number of actin-attached motors is independent of temperature in frog muscle (Ford et al., 1977; Bershitsky et al., 1997; Piazzesi et al., 2003; Decostre et al., 2005) . The structural model that reproduces the temperature dependence of the intensity and fine structure of the M3 reflection during active contraction of frog muscle (Linari et al., 2005) cannot reproduce the much larger changes in I M3 and force observed in the present experiments, which must, therefore, also involve a change in the number of actin-attached motors. For the same change in L M3 (Fig. 7 A) , the changes in force and I M3 in mouse muscle are more than twice those in frog muscle (Figs. 4 E and 7 B) .
The fraction of attached and force-generating motors (f A ) can be calculated from the intensity of the M3 reflection, allowing for the small component associated with the conformational change of the attached motors, as previously described for frog muscle Piazzesi et al., 2002; Reconditi et al., 2004; Huxley et al., 2006a) . The effects of increasing temperature from 10°to 35°C can be explained by an axial motion of the catalytic domain of the motors by 1.4 nm toward the center of the sarcomere, associated with progression of the working stroke in the motor (Linari et al., 2005) . This makes only a small contribution to the increase in I M3 , ∼15%, compared with the observed threefold change. The rest of the increase in I M3 can be explained by an increase in the number of attached motors. Fig. 6 B shows f A calculated from I M3 (circles) plotted both as a fraction of the motors attached at physiological temperature (left ordinate) and as a fraction of the total number of motors per half-thick filament (right ordinate), assumed to be 30% at near Figure 6 . Fraction of OFF motors at rest and of motors attached in isometric contraction. (A) Fraction of motors in the OFF (ordered) conformation, f OFF , at rest as a function of temperature, calculated from the intensity of the M3 (circles, from six muscles) and ML1 (triangles, from three muscles). (B) Fraction of motors attached at the plateau of the isometric tetanus, f A , calculated from the intensity of the M3 (circles, from six muscles) and AL1 (triangles, from three muscles), as described in the text. On the left ordinate axis, f A has been normalized to its value at 30°C for a direct comparison with f OFF in A. (C) Duty ratio (r), calculated as explained in the text. Values in A-C are mean ± SEM. physiological temperature. This assumption is based on measurements on Ca 2+ -activated skinned fibers from rabbit psoas muscle (Linari et al., 2007) . In those experiments, the fraction of motors responsible for the generation of isometric force was determined by comparing half-sarcomere stiffness in active isometric contraction and in rigor (the ATP-depleted state in which all motors are attached to actin; Cooke and Franks, 1980; Lovell et al., 1981) . An independent estimate of the effect of temperature on f A can be obtained from the change in intensity of the AL1 layer line (Fig. 5 D) , using the structural model of the actin-myosin complex of Koubassova et al. (2008) (see Supplemental text and Figs. S4 and S5) , which takes into account the contributions of the actin monomers and of the myosin motors stereospecifically attached to actin (Fig. 6 B, triangles) and, unlike AL6 and AL7, is not sensitive to the tilting of the light chain domain of the attached motors. The f A -temperature relations independently estimated from I M3 and I AL1 are in good agreement: in both cases, f A is halved at 10°-15°C.
The nature of the disordered state populated by lowering temperature at rest The most striking result of the above analysis is that decreasing the temperature from the near-physiological value (30°-35°C) to 10°C produces a parallel twofold decrease in the fraction of both the motors in the OFF state at rest (f OFF ) and the motors in the attached, force-generating state at T 0 (f A ). This suggests that the fraction of motors that are in the OFF state at rest is equal to the fraction that becomes available for actin attachment (switched ON) on activation. If, at any temperature, f OFF also measures the fraction f ON of motors that can be recruited (switched ON) upon activation for interaction with actin, while the disordered fraction is unavailable for attachment, then f A /f OFF (= f A /f ON ) measures the duty ratio r, i.e., the fraction of the ATPase cycle spent by a motor in the attached forcegenerating state. r, 0.3 at physiological temperature at which all the myosin motors are switched ON during a tetanic contraction (Linari et al., 2015) , remains almost constant over the full temperature range studied here (Fig. 6 C) . It follows that, in mammalian skeletal muscle, reduction of temperature below the normal physiological value has a regulatory function, reducing the number of motors available for actin interaction, without changing r, in agreement with the previous finding for muscle fibers of the heterothermic frog (Piazzesi et al., 2003) , in which all motors are available independent of temperature. A constant value of r in isometric contraction is expected for a mechanoenzyme like myosin, for which the rate constant for detachment from actin depends on strain (Huxley, 1957) , so r would change only in response to a change of load or shortening velocity.
The existence of a disordered refractory population of motors at low temperature is also qualitatively supported by the observation that the reduction in the intensity of the 1,0 equatorial reflection going from rest to T 0 also decreases with temperature ( Fig. 3 A) . The high value of I 1,0 in resting muscle at high temperature is associated with motors lying on the surface of the thick filament in their OFF state; at lower temperatures, the motors move away from the filament surface, so fewer motors are left to be switched ON by activation.
The regulatory action of temperature in mammalian skeletal muscle revealed in this study is integrated into the conventional mechanochemical cycle with additional steps of thick filament regulation in Fig. 8 . At near-physiological temperature, myosin motors at rest lie on the surface of the thick filament in the OFF (ordered) state and, during a loaded contraction, are recruited by the stress on the thick filament into the disordered ON state, from which they can attach to actin and enter into the mechanochemical cycle that implies the execution of the working stroke, followed by ATP-driven detachment, the hydrolysis step, and reversal of the working stroke. The load on the muscle during contraction and thus the stress on the thick filament determine whether after detachment the motors with ADP-Pi in the pocket remain in the ON state or return to the OFF state (Linari et al., 2015; Fusi et al., 2017) . Lowering the temperature of the resting muscle (blue arrow in Fig. 8 ) reduces the population of the motors in the OFF state, presumably by weakening the intramolecular/intermolecular interactions responsible for the maintenance of the OFF state, so motors move away from the ordered disposition along the surface of the thick filament, attaining a disordered conformation that differs from the ON state in that it is refractory to activation (REF).
The underlying structural changes could be accompanied by opening of the nucleotide binding pocket and a shift in the equilibrium of the hydrolysis step toward ATP. However, the finding that temperature affects the conformation of the myosin head independent of the state of the nucleotide in the pocket (Xu et al., 2003) suggests that the present x-ray data cannot define the biochemical state of the head in the REF state; the pocket may contain ATP or ADP.Pi (Fig. 8) . In skinned mammalian muscle fibers, lowering temperature favors a disordered ATP state (Xu et al., 2002) , but membrane permeabilization induces a partial loss of the regulatory role of temperature. A decrease in temperature from ∼20°to 10°C, which reduced T 0 by 60% in the present experiments, reduced T 0 by only 30% in skinned fibers from rabbit psoas muscle, without significant effects on the stiffness and thus on the number of attached motors (Linari et al., 2007) . Unless there is a species-specific difference in the temperature sensitivity of the thick filament state, this difference indicates that the effect of temperature on the equilibrium of the hydrolysis defined in relaxed skinned fibers is not a reliable indicator of the state of the nucleotide in the intact muscle at rest. Accordingly, the order-to-disorder transition induced by lowering temperature in relaxed skinned fibers does not affect the number of motors available for actin attachment upon Ca 2+ activation.
The identification in intact mammalian muscle of a new disordered state refractory to activation indicates that structural and functional definitions of the OFF and ON states no longer coincide. Two structurally different types of the myosin OFF state exist, both unable to attach to actin and split ATP: an OFFordered state, which can be switched ON upon activation, and an OFF-disordered state or REF state, populated at low temperature, which is refractory to activation. In the OFF-ordered state, myosin motors lie along helical tracks on the surface of the thick filament, and this structure is stabilized by both intramolecular interactions (head-head and head-tail of the same dimer) and intermolecular interactions (head and tail of one molecule interacting with other myosin molecules and with MyBP-C and titin; Trivedi et al., 2018) . Lowering the temperature in mammalian muscle may promote the transition to the REF state by disrupting the interactions responsible for both the ordered state and its switchability, while preserving the interactions that inhibit actin attachment and ATP hydrolysis. Considering that the inhibited state of the myosin molecule is primarily characterized as the IHM state, the conserved structure responsible for myosin inhibition also seen in nonmuscle myosin II, independent of the regulatory mechanism (Lee et al., 2018) , some features of the IHM are likely to be conserved in the REF state attained at low temperature. Under this condition, the intermolecular interactions generated in striated muscle by the polymeric organization of myosin in the thick filament and with MyBP-C and titin are likely to constitute the regulatory elements that control the disruption of the IHM state and switching ON of the motors. Lowering the temperature could specifically affect the intermolecular interactions, blunting both their control of the IHM state, that becomes refractory, and the ordered disposition of myosin heads along the thick filament. In this scenario, the REF-disordered state may structurally differ from the ON state by the preservation of the IHM features that inhibit actin attachment and ATP hydrolysis. To test this hypothesis, the biochemical and structural differences between the REF and ON states must be investigated in detail.
The cooling-dependent accumulation of myosin motors of mammalian muscle in a refractory state in which they are unavailable for actin interaction could be an energetically convenient regulatory mechanism for mammals that undergo hibernation. This is the physiological state in which body temperature drops to near ambient and metabolic demand decreases as vegetative activities, such as heart and respiration rates, slow drastically. Hibernation implies mechanisms that contribute to metabolic depression by global suppression of ATP-expensive reactions as posttranslational modification of proteins and enzymes (Storey, 2010) . Since muscles contribute ∼40% to body mass, a regulatory mechanism that at low temperature reduces ATP utilization by skeletal muscles, irrespective of residual motoneuron activity, would represent an efficient modulator of whole-body energy consumption during hibernation of mammals.
